Background. Little evidence justifies the avoidance of glyburide in patients with impaired renal function. We aimed to determine if renal function modifies the risk of hypoglycaemia among patients using glyburide. Methods. We conducted a nested case-control study using administrative records and laboratory data from Ontario, Canada. We included outpatients 66 years of age and older with diabetes mellitus and prescriptions for glyburide, insulin or metformin. We ascertained hypoglycaemic events using administrative records and estimated glomerular filtration rates (eGFR) using serum creatinine concentrations. Results. From a cohort of 19,620 patients, we identified 204 cases whose eGFR was ≥60 mL/min/1.73 m 2 (normal renal function) and 354 cases whose eGFR was <60 mL/ min/1.73 m 2 (impaired renal function). Compared to metformin, glyburide is associated with a greater risk of hypoglycaemia in patients with both normal [adjusted odds ratio (OR) 9.0, 95% confidence interval (95% CI) 4.9-16.4] and impaired renal function (adjusted OR 6.0, 95% CI 3.8-9.5). We observed a similar relationship when comparing insulin to metformin; the risk was greater in patients with normal renal function (adjusted OR 18.7, 95% CI 10.5-33.5) compared to those with impaired renal function (adjusted OR 7.9, 95% CI 5.0-12.4). Tests of interaction showed that among glyburide users, renal function did not signif icantly modify the risk of hypoglycaemia, but among insulin users, impaired renal function is associated with a lower risk. Conclusions. In this population-based study, impaired renal function did not augment the risk of hypoglycaemia associated with glyburide use.
Introduction
Strict glycaemic control is a tenet of diabetes mellitus management because it is associated with improved microand macrovascular outcomes [1] [2] [3] [4] [5] [6] [7] [8] . Diabetes is the primary aetiology in one quarter of patients with chronic kidney disease (CKD) and about half of those with end-stage renal disease [9, 10] . Among patients with established diabetic nephropathy, disease progression can be slowed by controlling blood glucose to near-normal levels [1, 4, 7, 11] . However, this rigorous control is achieved at the expense of an increased rate of hypoglycaemic events [1, 7] .
The risk of hypoglycaemia is a particular concern among patients with impaired renal function [12] . In these patients, the counter-regulatory response to hypoglycaemia may be limited by impaired renal gluconeogenesis or poor glycogen reserves caused by uraemia-induced anorexia [13] [14] [15] . In addition, the clearance of some commonly prescribed diabetes therapies depends on renal function. This is the case for glyburide, the active metabolites of which are slowly eliminated in the setting of impaired renal function [16] [17] [18] [19] [20] . Based largely on glyburide's pharmacokinetic data, national treatment guidelines have recommended avoiding its use once the estimated glomerular filtration rate (eGFR) falls below 60 mL/min/1.73 m 2 [21] . However, the body of evidence supporting this recommendation is weak and contradictory [22, 23] , and the limited clinical data on glyburide's hypoglycaemic potential have arisen from descriptive studies and small observational studies [24] [25] [26] . Glyburide remains an effective diabetes therapy that has been used in a trial demonstrating the benefits of strict glycaemic control [1] . Unfortunately, this trial is of little use in understanding glyburide's side-effect profile because, like many trials, it did not include patients with CKD [27] . Without a clear understanding of the risk glyburide poses to patients with impaired renal function, we cannot adequately assess the appropriateness of its use in this population.
To quantify this risk in a large population-based analysis, we conducted two nested case-control studies using outpatient laboratory data that we linked to Ontario's health administrative data. We designed each study to assess drug-specific hypoglycaemia risks in patients with impaired and normal kidney function. We hypothesized that the risk of severe hypoglycaemic events in patients using glyburide would be greater in those with impaired kidney function compared to those with normal kidney function.
Materials and methods

Study design
We used health administrative databases in Ontario, Canada to establish a nest cohort of patients older than 65 years with diabetes. Within this cohort, we conducted two case-control studies to assess the risk of hypoglycaemia associated with the use of glyburide or insulin as compared to the reference drug, metformin. Two studies were done to explore the interaction between renal function and these diabetes therapies in terms of their hypoglycaemic risks; patients with eGFR values above 60 mL/min/1.73 m 2 were included in the first study, and patients with an eGFR value below this level were included in the second study. To assess interaction, we compared adjusted odds ratios (OR) derived from the two studies. We collected and analysed all exposure, outcome and covariate data according to a predefined protocol. The study was approved by the institutional review board at Sunnybrook Health Sciences Centre, Toronto, Canada, and its design and reporting follow the Strengthening the Reporting of Observational Studies in Epidemiology statement guidelines [28] .
Setting and sources of data
We acquired data from 1 January 1997 to 31 March 2008 using the linked health administrative data of Ontario, Canada. Ontario has~12 million residents, 1.6 million of whom are 65 years of age or older [29] . All Ontario residents receive universal access to physician and hospital services through the Ontario Health Insurance Plan (OHIP). Ontario residents older than 65 years also receive universal formulary coverage for prescription medications through the Ontario Drug Benefits (ODB) programme. Ontario's single health insurance payer and the yearly emigration rate of <1% provide a set of health administrative data that is both comprehensive and stable [30] . We ascertained dispensed prescription medications using the ODB database, which has a basic error rate <1% [31] . We collected data regarding inpatient and outpatient hospital visits from the Canadian Institute for Health Information Discharge Abstract Database (CIHI-DAD) and the National Ambulatory Care Reporting System (NACRS) database. These databases contain detailed diagnostic information coded using the ninth and tenth revisions of the International Classification of Disease (ICD-9 and ICD-10). The coding accuracy of these databases has been assessed for many diagnoses [32, 33] . We determined kidney function using serum creatinine values obtained from the Gamma-Dynacare laboratory database. Gamma-Dynacare laboratories provide ambulatory blood work in South-Western Ontario and have maintained a database of test results since 2002. We collected demographic information and vital statistics from the Registered Persons Database, and we estimated neighbourhood income levels using Statistics Canada census data [34] . We also collected diagnostic information and physician service claims data from the OHIP database.
Participants
Cohort eligibility and rationale. In order to estimate GFR for all participants, we restricted cohort entry to those with at least one serum creatinine measurement. These measurements were available beginning 1 January 2002. Outcome ascertainment began on this date and continued to 31 March 2008, the last date for which complete data were available. To ensure all cohort members had at least one full year of medication use data, we restricted entry to those aged 66 years and older as of 31 March 2008. Finally, to exclude diet-controlled diabetes, we included only patients with at least one prescription for a diabetes therapy.
Cases and controls. We studied patients separately in groups determined by renal function ('normal' or 'impaired', defined by their most recent eGFR). In each of the two studies, we defined cases as cohort members who presented to an emergency room or hospital with an admission diagnosis of hypoglycaemia. We identified these events by detecting hypoglycaemia diagnosis codes in either the CIHI-DAD or NACRS databases (ICD-9 codes 250.8, 251.0, 251.1, 251.2 or 962.3; ICD-10 codes E10.63, E11.63, E13.63, E14.63, E15, E16.0, E16.1 or E16.2). For patients with multiple hypoglycaemic events during the study period, only the first event was counted. The date of the hypoglycaemic event served as the index date. For each case, we randomly selected up to four cohort patients who at the time of the index date had no evidence of a hypoglycaemic event during the study period. These controls were matched to cases on age at the index date (±1 year) and sex.
Exposure status. For all patients, we searched the ODB database in the 120-day interval immediately preceding the index date to identify prescriptions for diabetes therapies. The ODB formulary provided coverage for the following diabetes therapies: acarbose, gliclazide, glyburide, glimepiride, chlorpropamide, tolbutamide, metformin, pioglitazone, rosiglitazone, nateglinide, repaglinide and multiple formulations of insulin. To simplify interpretation, we excluded patients with prescriptions for more than one type of diabetes therapy in the 120 days prior to the index date. Patients with a prescription for metformin served as the reference group for comparison with each of the other drugs. Patients with prescriptions for different insulin formulations were all deemed to be taking insulin.
Renal function. Using the abbreviated Modification of Diet in Renal
Disease (MDRD) formula [35] , we used the most recent serum creatinine value prior to the index date to calculate each patient's eGFR. For the primary analysis, patients with an eGFR <60 mL/min/1.73 m 2 were considered to have impaired kidney function while those with an eGFR ≥60 mL/min/1.73 m 2 were considered to have normal renal function. All serum creatinine measurements during the study period were calibrated for use in the MDRD formula.
Potential confounders. Point estimates of risk were adjusted for multiple baseline characteristics, confounding diagnoses and medication exposures (see Supplementary data).
Statistical methods Baseline characteristics. We used standardized differences to compare baseline characteristics between case and control groups, and groups receiving different diabetes therapies. This metric describes differences between group means relative to the pooled standard deviation and is deemed significant if >10% [36, 37] .
Primary analysis. We conducted the primary analysis separately for each of the two studies. Using conditional logistic regression, we estimated OR and 95% confidence intervals (95% CI) describing the risk of hypoglycaemia for glyburide and insulin compared to metformin. We forced four variables well associated with hypoglycaemia into the regression models (Charlson score, hospital discharge within 30 days prior to index date, infection within 21 days prior to index date and liver disease). We included other variables based on their performance in bivariate testing. Those having an association with hypoglycaemia with a two-sided Pvalue ≤ 0.2 were included in the regression model. We used a two-tailed Type I error rate of <0.05 as the threshold for statistical significance. We conducted all analyses with SAS 9.1.3 software (SAS Institute, Carey, NC).
To assess interaction between specific diabetes therapies and renal function, we compared the drug-specific adjusted OR that were determined separately for the impaired and normal kidney function groups using the technique of Altman and Bland [38] . 
Results
Participants
Over the accrual period, we identified 19,620 patients aged 66 years and older with one or more serum creatinine levels who had at least one prescription for a diabetes therapy. Within this cohort, 364 patients with impaired kidney function experienced a hypoglycaemic event after use of a single drug. We identified 207 such cases among those with normal kidney function. Matching was relatively complete with only 13 cases excluded for lack of a matched control (10 from the impaired kidney function group and three from the normal kidney function group). Although we recorded exposure data on all diabetes therapies in the province-wide drug formulary, only metformin, glyburide and insulin provided enough data for meaningful analysis. Comorbidity data were obtained for the 5 years prior to the index date unless otherwise specified. b Indicates a standardized difference between cases and controls >10%. Standardized differences are less sensitive to sample size than tradition hypothesis testing. They express the difference between the means of two populations as a proportion of the pooled standard deviation [36, 37] . Tables 1 and  2 . Cases and controls within both renal function groups were similar with respect to age and socioeconomic status; however, case patients were more likely than controls to have significant comorbidities and were more likely to have higher stage CKD. Table 2 shows a similar pattern, with patients prescribed glyburide or insulin more likely to have markers of poor health than those receiving metformin. Table 3 displays the results of the primary analysis. In patients with normal kidney function, we found the risk of a severe hypoglycaemic event to be 18-fold higher comparing insulin to metformin (adjusted OR 18.7, 95% CI 10.5-33.5) and 9-fold higher comparing glyburide to metformin (adjusted OR 9.0, 95% CI 4.9-16.4). Unexpectedly, we found that the analogous risks among patients with impaired kidney function were lower for both insulin (ad- Comorbidity data were obtained for the 5 years prior to the index date unless otherwise specified.
Primary analysis
b Indicates a standardized difference between glyburide and metformin users >10%.
c Indicates a standardized difference between insulin and metformin users >10%. Standardized differences are less sensitive to sample size than tradition hypothesis testing. They express the difference between the means of two populations as a proportion of the pooled standard deviation [36, 37] . justed OR 7.9, 95% CI 5.0-12.4) and glyburide (adjusted OR 6.0, 95% CI 3.8-9.5).
We found that renal function did not significantly modify glyburide's hypoglycaemic risk (P for interaction 0.15). However, we did find that insulin's hypoglycaemic risk was significantly attenuated in the setting of impaired renal function (P for interaction < 0.001).
Additional analysis: altered definition of impaired renal function Table 4 displays the risks of hypoglycaemia that associate with glyburide and insulin when the primary analysis was repeated with stricter definitions of impaired kidney function. For both glyburide and insulin users, we found that the risk of hypoglycaemia attenuates as kidney function decreases.
Discussion and Conclusion
The risk of hypoglycaemia among elderly patients with diabetes is significantly greater for those using insulin or glyburide as compared to metformin. We expected to find an augmented risk among glyburide users with impaired renal function, but no such relationship was observed. Instead, for both glyburide users and insulin users, our data showed less risk when the eGFR was below 60 mL/min/1.73 m 2 . It is not surprising that glyburide and insulin conferred higher risks of hypoglycaemia than metformin. These findings are congruent with those of previous studies [24, [39] [40] [41] [42] [43] . Less expected was the lack of interaction found between impaired renal function and glyburide use. This contradicts the predictions of existing pharmacokinetic data; however, relying on the delayed clearance of glyburide's weakly active metabolites to explain hypoglycaemic events in these patients discounts the nuanced relationship between renal function and serum glucose concentration.
The impaired kidney plays a complex and dynamic role in serum glucose control. Reductions in drug clearance, gluconeogenesis and insulin metabolism can predispose patients with CKD to hypoglycaemia [12] , but a number of mitigating factors must also be considered. Clinically significant reductions in renal insulin metabolism are uncommon until the GFR falls below 20 mL/min/1.73 m 2 [44] . CKD is associated with peripheral insulin resistance [45] [46] [47] , even at the earliest stages [48] , and derangements in parathyroid hormone concentrations may impair pancreatic insulin secretion [49] . Moen and colleagues recently described the cumulative effect of these hypo-and hyperglycaemic factors, showing that CKD is a risk factor for hypoglycaemia even among patients without diabetes [12] . The protective effect of impaired renal function that we observed may be the result of the interplay between these hypo-and hyperglycaemic features of CKD. Alternatively, there may be other immeasurable factors at play. Our study cannot address the effects of these individual mechanisms, nor can we exclude the effects of unknown or unmeasured confounders. However, our findings do suggest that renally cleared drugs such as glyburide play a role in hypoglycaemia among patients with moderate CKD that is less significant than previously thought.
Our study has a number of strengths. This is the first study to examine drug-specific risks for hypoglycaemia in the context of renal function. We assessed renal function directly using serum creatinine concentrations. Our results are most applicable to patients over the age of 65 years, the largest growing segment of the diabetes population [50] . We had adequate power to assess this uncommon but serious adverse drug reaction, and our administrative data were derived from reliable, broadly inclusive datasets.
Our study's most important limitation is the non-random allocation of diabetes therapies. Physicians chose to prescribe drugs for specific reasons. It is possible that patients Renal function, glyburide and hypoglycaemiawho were perceived to be at higher risk for hypoglycaemia received metformin in lieu of glyburide or insulin, or were more closely monitored. Similarly, if physicians were more concerned with the risk of lactic acidosis than hypoglycaemia, this 'confounding by contraindication' may account for the proportionately lower use of metformin we observed among patients with impaired renal function ( Table 1) . The ascertainment of outcome, exposure and covariate data was limited by our reliance on health administrative records. By including only cases of hypoglycaemia severe enough to prompt admission or emergency room treatment, we optimized the validity of our outcome definition but undoubtedly missed mild cases and extremely severe cases that resulted in pre-hospital death. In ascertaining drug use, the ODB database is known to be accurate, but filling a prescription is not equivalent to taking a medication nor to taking it properly. Although we took care to adjust our results for important predictors of hypoglycaemia, the administrative records do not include data on confounding variables such as diet, exercise, innate insulin resistance or the individual's targeted and achieved level of glucose control.
A selection bias pertinent to the issue of glycaemic control could also have affected our findings. It is likely that diabetes was the aetiologic factor for many of our patients' impaired renal function; therefore, this group may have had relatively poor glycaemic control which could be protective against hypoglycaemia.
Our definition of impaired renal function was strong in that it did not rely on administrative codes, but we recognize that eGFR is not a static value. It is conceivable that some patients with an eGFR < 60 mL/min/ 1.73 m 2 prior to the index date had only a transient fall in eGFR and that factors such as infection could contribute to both a reduced eGFR and dysglycaemia. However, previous studies in Ontario have shown that most initial single low values of eGFR using outpatient serum creatinine results have proven persistent with subsequent testing [51] .
Finally, we had hoped to compare the hypoglycaemic risks of other diabetes therapies but found that only metformin, glyburide and insulin were in common enough use for meaningful analysis. In conclusion, our findings do not justify the use of glyburide in patients with impaired renal function. Rather, our study supports previous research that has found an increased risk of hypoglycaemia among patients with CKD. Our findings support a multi-factorial model of hypoglycaemia in patients with impaired renal function and deemphasize the role played by renally cleared diabetes therapies.
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